A common approach to regulating electricity is through auction-based competitive wholesale markets. The goal of this approach is to provide a reliable supply of power at the lowest reasonable cost to the consumer and to enable transparency and mitigate market power, defined as the ability of a market actor to influence the market price or exclude competition. This necessitates market structures and operating rules that ensure revenue sufficiency for all generators needed for resource adequacy purposes. Wholesale electricity markets employ marginal-cost pricing to provide cost-effective dispatch such that generators are compensated for their operational costs. However, marginal-cost pricing alone cannot guarantee cost recovery outside of perfect competition, and current electricity market structures have at least six attributes that preclude them from functioning as perfectly competitive markets. These attributes include externalities, public good attributes of the network, ineffective demand curve, market power, wholesale price caps, and lack of large-scale storage.
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Executive Summary
A common approach to regulating electricity is through auction-based competitive wholesale markets. The goal of this approach is to provide a reliable supply of power at the lowest reasonable cost to the consumer and to enable transparency and mitigate market power, defined as the ability of a market actor to influence the market price or exclude competition. This necessitates market structures and operating rules that ensure revenue sufficiency for all generators needed for resource adequacy purposes. Wholesale electricity markets employ marginal-cost pricing to provide cost-effective dispatch such that generators are compensated for their operational costs. However, marginal-cost pricing alone cannot guarantee cost recovery outside of perfect competition, and current electricity market structures have at least six attributes that preclude them from functioning as perfectly competitive markets. These attributes include externalities, public good attributes of the network, ineffective demand curve, market power, wholesale price caps, and lack of large-scale storage.
Some of these attributes-namely externalities and public good attributes (in this case, of the network)-are classic sources of market failure and exist in today's electricity market construct. The ineffective demand curve feature is arguably the most impactful contributor to market failure and refers to the inability of consumers to express their actual demand for electricity. It results from the "demand-side flaws" of demand inelasticity and the system operator's inability to control the real-time flow of power to specific customers. 1 Other attributes-primarily market power, lack of large-scale storage, and wholesale price caps-have compounding causes and effects that amplify underlying market failures. For example, market power exists in part because of significant barriers to entry that yield monopolistic tendencies. Electricity markets are regulated to minimize this market power, but the resulting regulatory-imposed average-pricebased retail rate structures contribute to the observed inelastic demand mentioned above. Similarly, the wholesale price caps that are implemented to restrict market power may also prevent prices from reaching levels needed to ensure adequate revenues for generators. In addition, imperfect information related to the planning and operation of the power system, such as uncertainty in load growth and future economic and policy factors, further amplifies these current market structure failures.
Until (and unless) these contributors to market failure are ameliorated, some form of corrective action(s) will continue to be necessary to improve market efficiency so that prices can correctly reflect the needed level of system reliability. Many of these options necessarily involve some form of administrative or out-of-market actions, such as scarcity pricing, capacity payments, bilateral or other out-of-market contracts, or some hybrid combination. A key focus with these options is to create a connection between the electricity market and long-term reliability/loss-ofload expectation targets, which are inherently disconnected in the native, unaltered markets because of the aforementioned contributors to market failure.
The addition of low marginal cost resources, such as generators fueled by low-cost natural gas and near-zero marginal cost wind and solar generators, can further exacerbate revenue sufficiency and resource adequacy concerns caused by these underlying market failure contributors. These low marginal cost resources effectively suppress energy prices and reduce the capacity factors of conventional generators through the merit-order effect in the simplest case of a convex market; non-convexities can also suppress prices, even outweighing the impact of low marginal cost generation. 2 Additionally, the uncertainty and variability of variable generation resources, such as wind and solar, requires more system flexibility. This can be achieved by a wide range of supply-side and demand-side options for physical flexibility. This also necessitates institutional flexibility options, including new market designs, greater regional coordination, and fair cost allocation.
Future research is needed to assess optimal market designs that are technology neutral, robust to generator fleet composition, and politically/socially acceptable, while ensuring revenue sufficiency of power system assets needed for reliability. Various modeling tools are needed for this effort to span multiple time horizons, including planning and operational decision time frames. Figure 11 . Impact of variable renewable generation on market prices. Image from Frew et al. (2016a) ... 28 
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Introduction
Electricity, by its nature, requires some form of regulation. There are a variety of welldocumented market failures 3 that result in a classical "public good" problem (Joskow 1997, 119-138) . Some of the most frequently mentioned market failures relate to the inelasticity of demand, nonexclusivity, market power, externalities, and pure monopoly of transmission. 1 In light of such market failures, state and federal regulators have developed two basic approaches to regulating the electricity industry: (1) cost-of-service regulation and (2) auction-based competitive wholesale markets. The common objectives are to ensure that sufficient generation and transmission resources are procured and operated to meet expected conditions at the least cost and to ensure that the owners and operators of the necessary system resources can earn a fair rate of return.
First, the classic approach to addressing the public good problem of the electricity industry is cost-of-service regulation. With this approach, electric utilities operate a regulated monopoly whereby all prudently incurred costs for electricity supply and transmission are entitled to a regulatory approved rate of return.
However, in the early 1990s, several countries developed an alternative regulatory paradigm to address market failures related to the supply of electricity. The fundamental premise is that electricity transmission is a pure monopoly and must be operated in an independent manner to enable competition among electricity generators. Instead of guaranteeing a rate of return for generation, this second approach enables generation owners to earn revenues based on the results of an independently operated, auction-based market. This approach is designed to address supply-side market failures related to planning reserve margins, efficient operation, and market power (Hogan 2008) . A key argument for these markets-generally referred to as regional transmission organizations (RTOs) in the United States-is that they create a more competitive market by increasing transparency, reducing the impact of market power, and lowering costs to consumers by co-optimizing operations. In this paper, we focus on the structure and performance of auction-based markets implemented in RTOs.
Although there are differences in many of the details in wholesale electricity market design, a common premise is that a large number of competitive generators can deliver electricity supply while regulatory measures can be enacted to limit the exercise of market power and the associated distortions of competitive prices. 4 Under this premise, marginal-cost pricing results in a cost-effective dispatch such that generators are compensated for their operational costs. such as during scarcity pricing events, to provide additional revenue to cover fixed costs; however, such long-term, fixed-cost recovery is not guaranteed under the marginal-cost pricing premise, and this is a key focus of this paper. More broadly, this paper's position is that there is no reason to expect that marginal-cost pricing alone (i.e., without improvements to underlying market failures or administrative measures to compensate for flaws in energy price formation) will necessarily lead to a stable long-term electricity market or ensure resource adequacy because:
• Existing markets with similar structures (monopolistic competition and oligopoly) have difficulties in the long run with marginal-cost pricing. Specifically, under marginal-cost pricing, when the marginal cost is less than average total cost (ATC), prices are insufficient to cover both fixed and variable costs to support current generators or signal new capacity that might be needed for long-term system reliability.
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• No link exists between reliability and pricing unless reliability (or capacity) is priced in addition to energy pricing.
• Even though some reserve pricing might be effective in the short to medium term, it is not clear that this current approach is robust in a future with high penetration levels of variable generation and large amounts of quick-start capability, when the reserve market is likely saturated due to excess capacity for large parts of the year.
Many markets have been influenced recently by depressed energy prices, driven by lower-thanexpected demand, historically low natural gas prices, and the adoption of near-zero marginal-cost variable generation, such as wind and solar (Hibbard et al. 2017) . The purpose of this paper is to disentangle these surface layer challenges from the underlying market failures to better understand the function and maximize the potential of electricity markets. We aim to bridge the gap-and motivate further dialogue-between the related but often separate topics of economics and power systems. We begin in Section 2 by describing the four basic market types: perfect competition, monopoly, monopolistic competition, and oligopoly. We then use economic principles to examine the basic outcomes of these four markets and show that marginal-cost pricing is economically sustainable only within a perfectly competitive market. In Section 3, we cite some evidence showing that most markets in the United States do not exhibit perfect competition, and we explore pricing structures in other industries that might provide insight. We then discuss the unique and complicating characteristics of electricity markets in Section 4, with a discussion of existing and plausible electric power market structures for an evolving power system. We do not advocate for any specific market structure but rather aim to present a sampling of market structure types and design considerations.
Basic Market Types
This section provides an overview and background of the basic market types according to microeconomic theory. The intent is to provide a basic background for readers who may not have a background in this subject and can be skipped by those who do. Recognizing the differences among these market types is critical to understanding, from a foundational level, the limitations of electricity markets; those readers interested only in the discussion on electricity markets are referred to Section 4.
The four basic market types are (1) perfect competition, (2) monopoly, (3) monopolistic competition, and (4) oligopoly. In reality, these four market types represent points along a continuum because real markets can sometimes consist of a blend of market types. This is shown in Figure 1 . We ignore economic externalities and public goods in this section to focus directly on the market structure, but both topics are introduced in Section 3. Our primary focus is on the relationship between price and marginal cost, and we show that in most of these market types, price diverges from marginal cost.
Figure 1. Basic market types along a continuum
As shown in Figure 1 , a key characteristic of any market type is the degree of market power. Market power refers to the ability of a market actor to influence the market price or exclude competition. Two common ways to quantify market power are to use (1) four-firm concentration ratios (sometimes five firms are used instead) and (2) the Herfindahl-Hirschman Index (HHI).
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In both cases, the market share is defined as the percentage of all market transactions undertaken by one or more firms relative to the entire market. The four-firm concentration ratio is the sum of the top four firms' percentages of the total market. Conversely, the HHI is calculated as the sum of squares of all firms' market shares. 7 These market shares and concentration measures are applicable within the broader economics landscape. Concentration metrics such as HHI only account for one of five economic factors that determine the extent of market power; the other four are demand elasticity, style of competition, forward contracting, and geographic extent of the market (Stoft 2002) . As a result, a better measure of market power is HHI/e where e is the demand elasticity. See Section 4.1 for a description of market power metrics used more commonly within electricity markets. These methods generally focus on generator offer prices and binding transmission constraints.
On the far left of the spectrum shown in Figure 1 , a perfectly competitive market has many firms, none of which has significant market power. There could be, for example, 100 firms, each of comparable size. The HHI for this example would be 100. Moving to the right, a monopolistic competition market could be characterized by an HHI less than 1,000; a monopolistic HHI would be 10,000, and an oligopoly would lie somewhere in between. These HHI limits are not strictly defined, but they generally describe the standards that are used by the U.S. Department of Justice to screen and mitigate market power, specifically when evaluating mergers. 8
Perfect Competition
The purest form of competition is known as perfect competition. 9 Perfectly competitive markets consist of a large number of buyers and sellers to whom perfect information is always available. Neither producers nor consumers can individually impact price; thus, all market participants are price takers. All costs of production are known, and no external costs or benefits accrue to parties outside the transaction. Consumers are not able to discern any differences among goods supplied by different sellers (identical goods), and firms can freely enter or exit the industry. All goods or services bought and sold in this type of market are fully excludable; consumers who do not pay cannot consume the good/service. Consumption is rivalrous, and therefore consumption of the good/service by one consumer implies that another consumer will be required to purchase his/her own product to consume. All firms are assumed to produce the quantity of output that will maximize profits, subject to technical and market constraints and parameters.
To a noneconomist, these conditions might appear to be severely restrictive. In fact, they are, and this is why "perfect" is part of the name of this type of market. In reality, perfectly competitive markets do not exist in this pure form, although some markets might come close. But most markets are generally considered to be monopolistically competitive (buyers and/or sellers have some degree of market power, and products are not identical), oligopolistic (a small number of sellers), or monopolistic (one seller), all of which we discuss.
Perfectly competitive markets can be shown to achieve short-run equilibrium at the point at which price equals marginal cost (P = MC) (Bade and Parkin 2002) . Although individuals have no discernable influence on price, the aggregation of buyers creates a downward-sloping demand curve; and the aggregation of sellers' marginal-cost curve, which can be shown to represent the firms' supply curve, creates an upward-sloping market supply curve. In the short run-defined as the period of time during which capital, or other productive factor, cannot be changed-some number of firms could earn positive economic profit.
10 This is shown in Figure 2 . The left panel shows the marginal cost and average total cost curve of a representative firm. P designates the price per unit, and q represents the quantity of output per period. Because the firm is a price taker, the demand curve appears perfectly inelastic (insensitive to price). The firm produces its output along the marginal-cost curve: if P < MC, then the cost of producing one more unit of output exceeds the price; and if P > MC, then the firm will expand output because the cost of producing one more unit of output will increase revenue and profit. The vertical distance between points a and b represents the per-unit profit. The right panel shows the market, in which the supply curve is the aggregation of all firms' marginal-cost/supply curves. Q designates the market quantity, which generally can be an order of magnitude larger than q, the output level of a single firm. In the long run, new firms are attracted to the industry by positive profits. 11 Supply expands (the supply curve shifts right), market price falls, and economic profits are no longer earned. Assuming that there are no other relevant changes in the industry, P = MC and P = min(ATC), where min represents the minimum point of the ATC curve. This is shown in Figure 3 ; the left panel shows the representative firm, and the right shows the market. In the long run, perfect competition delivers two types of efficiency: productive and allocative. Productive efficiency means there are no alternative means of producing the given level of output that would achieve lower cost. Allocative efficiency means that resources are allocated to activities that society most values because P = MC. If P < MC, then the cost of the marginal unit exceeds its value; conversely, if P > MC, then the cost of marginal production is less than its marginal value, and thus production should increase. Economic efficiency is the combination of allocative and productive efficiency, and perfect competition achieves both.
Monopoly
A monopoly is the polar opposite of perfect competition. Instead of having many buyers and sellers, a monopoly has a single seller and therefore unlimited market power. In a pure monopoly (which is unlikely to exist in pure form), there are significant barriers to the entry of new firms that would introduce competition to the single seller. These barriers might be economic-such as very large economies of scale-regulatory, or a combination. There are no products that are a close substitute for the monopolist's product. In practice, most developed and developing countries have some type of regulatory structure that prevents pure monopoly pricing. The pure monopolist maximizes profits by producing a quantity of output for which marginal revenue equals marginal cost. Economic profits exceed zero, and because there are significant barriers to entry, these excess profits persist in the long run.
10 One important example is the regulated monopoly structure of the electric power system, which has undergone change in many parts of the world in recent years. Figure 4 depicts the optimal output decision of a monopolist. Production occurs at the point at which MC = marginal revenue (MR). If MC < MR, then the monopolist could produce one more unit of output at a marginal cost that is lower than the additional revenue it could earn, and it would therefore increase output. If MC > MR, then the additional revenue obtained from the last unit of output is less than the cost of producing this unit, and therefore the monopolist would decrease output. In the diagram, MC = MR at Point b, and the monopolist can charge the price at Point a. The vertical distance between points a and c represents the per-unit profit earned by the monopolist. Because new firms cannot enter a perfect monopolistic market, the equilibrium depicted in the diagram persists into the long run.
The monopolist outcome features P > MC, and absent some regulatory framework, this price will persist. Using this simple graphical framework, we can explore the implications of alternative pricing rules that are enforced by a potential regulator. If the regulator were to impose the condition that P = MC, this would be represented by Point d on the graph. Because the price still exceeds ATC, the monopolist would continue to earn an economic profit although at a level less than in the unregulated case. However, note that at Point d MC > MR, and thus the monopolist could be persuaded only to produce at Point d under regulatory duress because it is losing money under the regulator.
An alternative regulatory approach would be to set P = ATC. This would eliminate economic profit, but it would allow for the level of accounting profit that would elicit the necessary investment to support the firm. This is represented by Point e in the diagram. It is clear that MC > MR and that this is not an optimal point as viewed by the monopolist, which would prefer to produce at the point where MR = MC. The monopolist depicted above can be considered the "classic" monopolist, which is covered in standard economic textbooks. Through a large range of output levels, the ATC declines, but ultimately it increases at an output level that is less than optimal. An alternative cost structure for a monopolist is persistent economies of scale at, and above, equilibrium output levels. Figure 5 provides a graphical example in which the marginal cost is constant at all levels of output. This diagram can easily be modified to represent a firm with zero (or near-zero) marginal cost, such as an electronic book publisher, software publisher, or satellite communication service. Optimal output for this monopolist is at Point b, where MC = MR. Economic profit is positive and has a per-unit value of the distance between points a and c. If a regulator were to impose the condition that P = MC, the firm would produce at Point d. At this point, P < ATC, and thus this firm would lose money and eventually go out of business. Bankruptcy could be avoided in this case only if there were some form of subsidy. Alternatively, the regulator could require P = ATC, which results in market output at Point e. Although the firm would lose money on the output that exceeds its preferred level, overall the firm would break even, and thus it could remain in business without a subsidy. In this case, however, P > MC. Thus, without regulatory oversight, the price would exceed the marginal cost. With regulation that requires marginal-cost pricing, this firm would go bankrupt. 
Monopolistic Competition
Between these extremes are monopolistic competition and oligopoly. Monopolistic competition is characterized by a relatively large number of firms that produce products that are similar to each other but consumers differentiate among products of different sellers. Examples of monopolistic competition include canned foods, sporting goods, soft drinks, and clothing industries. Other assumptions are similar to those of perfect competition; there are few barriers to entry/exit, and firms might have a relatively small but discernable impact on price. Thus, if economic profits are being earned in the short run, new firms will enter the industry, expanding supply.
In the long run, P = ATC, but this will not occur at the minimum ATC; thus, the long-run equilibrium is not efficient because there is some excess capacity. In the long run, P > MC. Figure 6 shows short-run and long-run outcomes. In the short run, the firm maximized profits by producing at the point where MC = MR, denoted as Point b on the left. Per-unit profit is the length of the segment from points a to c, the amount by which P > ATC. If a regulator required marginal-cost pricing, the firm would move to Point d, and it would continue to earn economic profit, but less than before. It would thus lose money and therefore have no incentive on its own to produce at Point d. Similarly, if a regulator required P = ATC, the firm would be at Point e, earning no economic profit, but it could remain in business without incurring economic losses.
If the firm is unregulated and therefore earning positive economic profit in the short run, the relatively low barriers to entry will allow new firms to enter the market. Similar to the supply curve shift in the right panel of Figure 3 , the equilibrium price falls in the market. The volume of output that the representative firm can sell will therefore fall, resulting in a new, lower demand and MR curve, as shown in the right panel of Figure 6 . The firm continues to maximize profits, and therefore it produces the level of output at which MC = MR. But as the right panel shows, the point of profit maximization occurs when the ATC curve is tangent to the demand curve, and thus economic profit is zero in the long run. This means that this industry will have average-cost pricing in the long run, and, as shown by the diagram, P > MC. If a regulator requires marginal-cost pricing, the firm moves to Point d, at which it loses money and will not be able to remain in business. The revenue shortfall could be remedied by some form of subsidy; otherwise this is not a viable position in the long run. Note that in the absence of a regulator, this industry will have excess capacity-more than needed to fulfill market demand. Recall that this diagram is for a representative firm in the market, and thus there are many similar firms with similar diagrams and outcomes. At Point a on the right side of the diagram, the firm has not minimized ATC. This means that there is excess capacity not being used. To determine the excess capacity in the industry, one could aggregate the excess capacity of each firm. This problem cannot be solved by marginal-cost pricing, unless a subsidy makes up for the revenue shortfall.
Oligopoly
An oligopoly has a few large sellers. Products are differentiated among producers, and each seller has considerable but not unlimited market power. The number of sellers might vary, but it can be as small as 2 and is often as many as 10, although there is no limit. The actions of any individual seller impact other sellers, and thus there is a degree of interdependency among sellers. (This dependency is generally unwilling, unless there is collusion to coordinate price or quantity decisions, which is illegal in most parts of the world.) Predicting the market outcome for an oligopoly is difficult, and to the casual observer "virtually anything can happen" (Scherer 1970) . In fact, a number of economic models have been constructed to explain the behavior of an oligopoly, ranging from the kinked demand curve to game theory and even agent-based modeling. The result is that the price-quantity outcome of this type of market cannot be analytically determined, as it is in others. In some cases, "ruinous competition," caused by aggressive price cuts in an effort to force out competition, might result in an economic outcome where P = MC, as shown below; however, in this outcome, either at least one producer will eventually go out of business or all producers will gradually increase prices to avoid such a fate. At the other extreme, the outcome might approximate the monopolist outcome if firms collude, either explicitly (illegal) or implicitly. See Scherer (1970) .
The oligopoly market outcome is a function of the degree of market power and the behavior of the firms, and it is the motivation for the many types of oligopolistic models. Because the focus of this paper is on marginal-cost pricing, we ignore the large literature on these models and instead look at potential pricing relative to marginal cost.
Some oligopolistic markets might have a relatively large number of firms, reducing the direct interdependence among individual firms. With more firms, one would expect less market power and potentially limited economies of scale. In such cases, a typical firm might have cost curves that resemble those of monopolistic competition, shown below in Figure 7 . The curve structure is the same as the short-run monopolistically competitive market; however, with oligopoly there are significantly higher barriers to entry. Thus, this diagram represents the best possible outcome for an oligopolist, and there could potentially be long-run equilibrium if its competitors choose not to engage in competitive price reductions.
(D = demand curve, Q = market quantity)
Figure 7. One potential diagram of oligopoly with economic profit
Conversely, in the case where there are limited barriers to entry, new firms could enter the market. Eventually, this would result in an outcome similar to that of long-run equilibrium in a monopolistically competitive market, as depicted in Figure 6 .
When there is a strong profit motive, oligopolists might attempt to gain market share from competitors by cutting price. Various game-theoretic approaches can be applied to determine potential outcomes. Regardless of the behavioral model used, we can predict a range of outcomes. Given aggressive price-cutting and retaliation, price can be driven so low that one or more firms go out of business. For that to happen, P < ATC, and this unsustainable position might result in an increase in market share and market power from the survivors. Thus, marginalcost pricing should not be expected in the case of oligopoly.
Oligopolists with zero/low marginal costs that do not increase can be represented by Figure 5 . Because MC < ATC and because marginal cost is constant (during the relevant range of output), marginal-cost pricing cannot be sustained because the firm will lose money absent some type of subsidy. Table 1 summarizes some of the key outcomes of the four basic market types. Note that only one of these-perfect competition-features marginal-cost pricing. Because perfectly competitive markets are rare, industries where price equals marginal cost are also rare. This is an important concept for our discussion in subsequent sections on marginal-cost pricing in electricity markets. 
Market Outcomes
Market Structure Complications
The previous section described the theory of the four basic market types; however, in reality these are much more complex than they are in theory. In practice, the boundaries between these market types are often blurred. In some cases, a dominant near-monopolist seller has some limited competition from a large number of small firms that are wholly dependent on the monopoly's behavior. In other cases, there could be an oligopolistic industry and many small companies. In both cases, this so-called "competitive fringe" acts like a perfect competitor, but there is a lead firm or group of firms that dominate market power. For details, see Scherer (1970) .
In this section, we describe key complicating factors in real markets. These topics will be particularly important for the discussion in Section 4 on electricity markets. First, we describe the presence of near-zero marginal costs in several real-world industries and how those companies price products to recover costs. This is directly relevant to the conversation on marginal pricing of energy in electricity markets. We then describe key causes of market failure, which can lead to price distortions and other inefficiencies in any market. These causes will be revisited in our discussion on electricity market distortions in Section 4.
Near-Zero Marginal-Cost Examples
Several notable industries have very high fixed costs and near-zero marginal costs. These include cell phone companies and software. According to economic theory, these large up-front capital costs create barriers to entry, which limit the number of participating firms, resulting in market power. 13 For example, although data is not publicly available, it reportedly cost Microsoft approximately $5 billion to develop Windows Vista, but the marginal cost to produce one additional copy of the software is essentially zero, especially if downloaded from the Internet (Hill and Jones 2009) . Vista sold for approximately $200-300 per copy, depending on the package type. This price is significantly larger than the marginal cost, which by definition indicates that Microsoft displayed market power. It would be difficult or impossible to find a perfectly competitive market with zero marginal cost that could survive. Markets for software or books that are distributed electronically generally have high fixed costs and low variable costs, and therefore they are unlikely to feature marginal-cost pricing.
Another example of pricing comes from the U.S. cell phone industry. This industry could be characterized as an oligopoly with competitive fringe, with an HHI of nearly 2,800 and the top four firms dominating nearly 99% of the market share. Table 2 shows the HHI and rankings by customers/subscribers for the top seven U.S. firms based on data from Dano (2016) . Company cost information is difficult or impossible to obtain; however, Table 3 shows the calculated 13 Some argue that, unless barriers to entry are created by one of the suppliers in order to raise the market price, barriers to entry are not in and of themselves a cause of market power (Stoft 2002) . Barriers to entry, such as large up-front costs to build a generator, have an effect similar to market power by resulting in higher prices; however, barriers to entry also yield a capacity shortage-the opposite effect as withholding in the case of market power. The economically efficient higher prices resulting from barriers to entry will signal new deployment to meet the capacity shortfall, provided the barriers are not too significant. In practice, however, long-term planning efforts by loadserving entities aim to avoid such a capacity shortage caused by barriers of high cost and long project lead times.
consumer cell phone plan average price per GB/month and the marginal price paid for each additional GB (Verizon 2016). To Verizon, the marginal price is not the same as the marginal cost of an additional GB of data usage; however, the pricing pattern shows that it is likely that the first block of data download might be covering at least some (or all) of the fixed network cost, with declining effective average pricing that accounts for low (if any) marginal cost per GB. This type of pricing is sometimes called declining block pricing, which was prevalent in the United States for many years for electricity but is now discouraged because it provides an incentive to pay for higher usage levels. 14 14 Key drivers for this trend away from declining block rates were the Public Utility Regulatory Policies Act of 1978 and subsequent amendments, which required states to examine the appropriateness of rate standards supporting any one of the act's purposes (Dillon 1979 ; National Action Plan for Energy Efficiency 2009).
It is common to find industries that do not price at marginal cost. A multitude of pricing approaches include subscription rates, entry/exit costs, discounts for large quantities (a form of declining-block pricing), and many others. 15 The concept of marginal-cost pricing comes primarily from perfectly competitive markets, but it is not a common pricing method. This is because nearly all markets are not perfectly competitive, and thus they have some level of market power, product differentiation, and/or some type of market failure. Coupled with the fact that reliability, both in the planning and operational time frames, is not part of an electricity market per se, there is no reason to expect that marginal-cost pricing on its own will result in a sustainable market with revenue sufficiency that also meets the reliability objectives.
Market Failures
Another important concept in economic theory and practice is market failure. This refers to a situation where the market fails to most efficiently allocate resources. The presence of market failures can justify government intervention. Market power, public goods, and externalities are key textbook examples of market failures.
Market Power
As previously mentioned, market power refers to the ability of a market actor to lower the market efficiency. When sellers exercise market power, they alter prices to levels that are both inefficient and profitable. Market power consists of economic withholding (raising the price of output) and quantity withholding (reducing output or altering the terms of trade) to adversely affect customers (Stoft 2002) . Market power typically results from a lack of adequate competition due to barriers to entry, economies of scale, or other factors.
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When there is significant market power, economists often refer to this as market failure. Market power is generally an issue that the U.S. Justice Department mitigates. For example, mergers among firms with significant market power are examined by the U.S. Justice Department and are generally not challenged unless the resulting HHI exceeds 1,800. Industries that might be susceptible to challenges include banking, airlines, cable television, communications, and others. In these cases, the definition of the market is more important than the HHI.
Some recent evidence suggests that, despite well-established antitrust institutions that are intended to mitigate anticompetitive conduct, many U.S. industries appear to be experiencing a decline in competition, which corresponds to an increase in market power, as evidenced by increasing profit rates, relatively low entries of new firms, and efficiencies of scale (Council of Economic Advisers 2016). The issues surrounding competition and market power are further discussed in a recent Economic Report of the President (Executive Office of the President and Council of Economic Advisers 2016), which suggests that an increase in market power is driving greater income inequality. Some suggest that the broader implications of such growing market power could extend beyond individual markets to result in slower overall economic growth and economy-wide inequality (Baker 2017 ).
Public Goods
Economic theory defines common attributes of products. Private goods have two critical properties: excludability and rivalry. The former means that a seller can exclude potential buyers from consuming the product without paying. The latter means that the product is not sharablei.e., if a given product is purchased for consumption by Buyer A, then Buyer B must purchase/consume his/her own product. 16 Public goods, by contrast, do not possess one, or both, of these properties. For example, a streetlight might be paid for by a single resident, but anybody who is nearby might benefit. The light from the lamp is thus shared, and it is impractical to extract payments from all who walk or otherwise travel near enough to benefit from the light.
17
Calculating the market demand for a public good is fundamentally different than that for a private good. Because private goods are rival goods, the summation of each individual's quantity demanded at each price yields the market demand curve. Conversely, the demand curve for a public good is calculated by adding the price that each consumer is willing to pay for each level of output. This is illustrated in Figure 8 .
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The shared nature of a public good means that, for a wide range of supply, the marginal cost is zero. The marginal cost of providing a park is zero for an additional user up to the point of sufficient congestion that renders the park unusable or unenjoyable. In practice, goods might not be entirely private or public; they might lie on a continuum between these attributes. 16 A good might be sharable in the sense of being divisible, but the standard use of the term sharable in this context means that the consumption of one unit of a good by one consumer implies there is nothing left for another consumer. 17 One could argue that this example of a street light is closer to a club good, which is nonrivalrous but excludable, because the light is a local object that typically only benefits residents in that area. In this paper, we assume the term public good applies to items for which at least the localized users of that good are not excluded from that good, though outsiders may not be strictly excluded or unimpacted, i.e., public lighting in this case, or as we discuss in Section 4.1, the system-wide reliability of an electricity network. 18 The number of gallons of gasoline demanded by each consumer at each price is another example of a private good. The "market" demand for a street light would be calculated by summing the amount that each consumer would be willing and able to spend for one streetlight, for two streetlights, etc. Because the usual market mechanism does a poor job of determining the efficient level of output of public goods, this is considered a market failure. Because of the market's inability to function properly, public goods are typically provided by government at state, local, or national levels. Examples include parks, street lights, national defense, and justice. Interested readers can consult standard economic texts such as Gruber (2016).
Externalities
Another market failure occurs when costs or benefits from a market transaction impact someone who is not a party to the transaction. This impact can be either positive or negative, and in the latter case a cost is imposed on the bystander. The most relevant example for this paper is emissions, which can cause damage via human health impacts or contamination of soil, water, and/or air.
19 Solutions to the market failure posed by external costs are well known and easy to implement in principle. Once estimates are developed of the damage cost, these costs can be included in the cost of production by developing a market for emissions permits, or economic penalties per unit of harmful emissions can be assessed. In principle, either of these outcomes will produce the same result; and, if done properly, they can eliminate the market failure caused by the externality. In practice, there can be some combination of practical and political obstacles. If some or all of the externalities were to remain, this would cause a deadweight loss to society. 20 19 We do not explore positive externalities in this paper, but they are covered in standard economics text books. 20 Deadweight loss is the decrease in consumer surplus and producer surplus that results from an inefficient level of production; it is a social loss, i.e., a cost borne by the entire society and not just the consumer or producer. 
Electricity Markets
Electricity is an unusual product. It is not consumed for its own sake and therefore has limited, if any, intrinsic value. It has value because of the things it can do when coupled with various services, such as lighting, powering factory equipment, heating and cooling, and entertainment. The bulk power system in most developed and many developing countries consists of a large interconnected grid. Interconnected power systems have advantages and disadvantages. One benefit of these systems is that capacity and energy can be shared among regions, lowering total costs (King et al. 2012; Jordan and Piwko 2013; Milligan et al. 2013) . Also, because they are large, they can withstand a variety of events that might otherwise take down a smaller system; however, because of the interconnected nature of the system, a significant event has the potential to collapse the entire system. Electricity cannot be stored economically at large scale or for long durations, although it is possible to store various fuels, including water behind a dam, for varying lengths of time.
Competitive wholesale electricity markets have evolved in many parts of the world, generally transforming from regulated monopolies that consisted of vertically integrated companiesutilities that provide electricity at the retail level after generating and transmitting the energy via facilities owned by the company. As discussed in Section 1, in these regulated systems, electricity is priced based on the cost of service rather than on a competitive market. In most parts of the world, some form of regulation or public ownership was thought to approximately solve concerns about market power and excessive reserve margins. Regulators promote the adoption of least-cost resources, subject to reliability constraints, in planning and operation.
The concepts of marginal cost were, and are, pervasive in utility economics. As markets began to replace parts of the regulated monopoly, the confluence of the desire for a competitive market outcome and the long tradition of least-cost dispatch based on marginal cost together resulted in market regulators adopting marginal cost as the basis of determining bids and offers in wholesale power markets. Price formation is based on marginal cost, but many factors can contribute to de facto deviations (Ela et al. 2014; Sauer 2014; Ela 2016 ).
Electricity Market Inefficiencies
Today's restructured electricity markets have several contributors to market failure. These attributes include externalities, public good attributes of the network, ineffective demand curve, market power, wholesale price caps, and lack of large-scale storage. Even regulated markets are likely to have at least some level of failure because it is difficult or impossible to fully eliminate these attributes.
Each of these six market attributes represents a different dimension of the market failure problem, which is illustrated in Figure 10 . A perfectly competitive market for a pure private good with no externalities would be represented by a single point at the intersection of the various axes. A monopolistically competitive market for a pure private good and no externalities would have a single dimension of market failure, and it would be located somewhere along the upward vertical axis. Electricity markets would presumably have a nonzero location on each axis, depending on the empirically measured level of each attribute's contribution to market failure. Although electricity has some unique aspects, the contributors to market failures depicted in the figure are present in other markets. In the remainder of this section, we further discuss each of these attributes within the context of electricity markets. First, externalities are a well-understood source of market failure, which exists in today's wholesale electricity markets. Externalities in the production and transmission of electricity are well known. The primary negative externality is pollution, which is often regulated by government, including the U.S. Environmental Protection Agency. In principle, regulations can include a combination of limits, markets for tradeable permits, or imposing costs on pollution. Mitigation might not be perfect, but it sends signals to emitters and alters the level of externalities produced. In the United States, there are markets for sulfur-oxides emission permits, which aim to incorporate social costs into private costs. Its goal is to result in the socially optimal level of sulfur oxides; the effect is similar to what is depicted in Figure 9 . At the time of this writing, there are no U.S.-wide markets for carbon dioxide or nitrogen oxides, though several regional markets do exist. To the extent that these externalities have not been corrected, some degree of market failure arises.
The second attribute-public good attributes of the network-is another classic cause of market failure. Houldin (2004) argues that the electricity network has attributes of a public good; either "all loads on a circuit consume (electricity) or none do." It is also difficult to deliver different levels of reliability to two or more consumers on the same grid. If one customer decides to pay more for a higher level of reliability, all other customers on the same network will receive more reliable electricity whether or not they pay the increased cost. Therefore, reliability is nonexcludable. It is also nonrivalrous because the increase in network reliability can be consumed by everybody on the network. This implies some degree of market failure because of the public good attributes of the electricity network.
Arguably the most impactful contributor to wholesale electricity market failure-ineffective demand curve-is rarely mentioned in standard economic textbooks because it is fundamentally critical to all markets (Cramton et al. 2013, 27-46) . This feature of current electricity markets results from the "demand-side flaws" of demand inelasticity and the system operator's inability to control the real-time flow of power to specific customers (Stoft 2002) . It is further reflected by the misalignment of wholesale electricity prices with the average-cost-based prices paid by consumers at the retail level. When prices rise in a perfectly competitive market, perhaps as a result of shortages, some consumers withdraw from the market because they are not willing to pay the higher price. But when the price seen by the consumer is established by regulatory-approved tariffs, as is the case in most (if not all) retail electricity markets in the United States, the effective demand curve seen by the wholesale market is essentially vertical because consumers never see the true price. 21 The lack of an effective demand curve rules out the possibility that the market can function normally, implying that out-of-market objectives are needed to ensure resource adequacy.
The fourth contributor to market failure is market power, which is sometimes considered a direct market failure (see Section 3.2.1 and footnote 13) and exists in part because of significant barriers to entry that yield monopolistic tendencies. Since the formation of large wholesale electricity markets around the world, a large body of work has been directed toward assessing and mitigating market power. In the United States, the Federal Energy Regulatory Commission (FERC) oversees interstate bulk electricity markets, with a key objective to minimize market power in wholesale markets by ensuring just and reasonable market rules and tariffs. Within this oversight, the potential for electricity suppliers to exercise market power is monitored and mitigated through (1) a combination of independent internal market monitoring units within each RTO/independent system operator and an independent external market monitor, (2) an independent external market monitor alone, or (3) mitigation protocols codified by regulatory bodies such as public utilities commissions (FERC 2014).
Because market power is a function of real-time demand, transmission congestion, planned maintenance, forced outages, and other factors that vary through time and location, it is difficult to quantify market power generally across the U.S. power grid. Nevertheless, two main types of approaches are used to identify and mitigate potential market power (FERC 2014) . 22 The first is called "structural," which subjects resource offers to mitigation when prespecified conditions are met. An example is the three pivotal supplier test, which determines if out-of-merit resources are needed to relieve binding transmission constraints. The second type of approach is called "conduct and impact," which looks at the resource offer amount and then assesses the impact of that offer on the market clearing price for energy. In both approaches, the mitigation action replaces the resource offers with precalculated reference levels (or some variant of them), usually based on the short-run marginal cost. Throughout the literature, more sophisticated methods for assessing market power have been proposed, such as explicitly evaluating the impact of market mergers or rate changes by simulating prices with quantitative market models (Helman and Hobbs 2010, 1,434-1,448 ).
The fifth contributor to electricity market failure is wholesale price caps, which are common measures to minimize the effects of market power in wholesale electricity markets and also substitute as an administrative demand curve in place of part of the wholesale demand curve. The result is that prices are constrained from rising above this limit during times of congestion or shortage. This is a well-known feature of wholesale markets, and much has been written about its impact-for example, Hogan (2005) provides a good discussion on this along with energy-only market design.
Finally, the sixth attribute of electricity that contributes to the market failure problem is the current inability of electricity to be stored in large quantities or for long periods of time. 23 This means that the traditional methods used by sellers (and buyers) in other markets-such as warehouse/storage as an arbitrage mechanism-are currently not available to electricity providers. Such warehousing serves as a buffer between oscillating supply and/or demand and can help stabilize prices. This feature of electricity is not a market failure in the economic sense of the term, but it does play a role in price formation in bulk electricity markets, thereby exacerbating many of the underlying market inefficiencies discussed above.
A common thread among these six wholesale electricity market features is imperfect information, which includes information asymmetries and uncertainty. For example, the lack of ubiquitous smart meters to receive price signals and in turn for demand to respond leads to an asymmetric flow of data that, in additional to underlying uncertainties in how load will respond in both the planning and operational timescales, contributes to the ineffective demand curve feature above. Storage helps to mitigate this dynamic, but the lack of large-scale storage in most operating areas severely limits the extent of its supply-demand buffering benefit.
To summarize:
• Externalities are currently unresolved.
• The electricity network has at least some elements of a public good.
• Retail electricity markets do not have a functioning effective demand curve.
• There might be some degree of market power in many markets, and the markets are generally unlikely to be perfectly competitive.
• Wholesale electricity markets typically have price caps that are binding during scarcity events. Electricity currently cannot be stored in large quantities for long periods of time in most operating areas.
• Taken as a whole, these observations imply that:
o Marginal-cost pricing might not result in an economically efficient outcome.
o Prices have a limited ability to signal shortages and do not have any effective impact on consumption.
o Any one of these contributors to market failures will disrupt the market relative to a well-behaved competitive market; multiple contributors will result in additional disruption.
Price distortions and market inefficiencies resulting from the above market failures can potentially lead to situations in which current or new generators needed for reliability do not have sufficient opportunity to recover both their marginal and fixed costs from the electricity market. This is the revenue sufficiency problem, which is discussed in Section 4.2. Note that thus far we have ignored other aspects of the bulk system constraints, including stability, start-up costs, and the resulting out-of-market payments, yet we still find that marginal-cost pricing will likely (1) lead to inefficient outcomes and (2) cause revenue insufficiency.
Revenue Sufficiency
Revenues are sufficient when payments for the individual services required to maintain a reliable grid-including energy, capacity, and flexibility-cover the fixed and variable costs of providing those services. Revenue insufficiency-often called the "missing money" problem-results when payments are not adequate to (1) cover both fixed and variable costs incurred by existing generators (a necessary condition to remain in the market) and/or (2) justify investments in new capacity, in either case for resources that are needed for reliability.
Reliability includes both the investment and operational time horizons. The investment portion, referred to as resource (or capacity) adequacy, focuses on deploying sufficient installed generating capacity to ensure a very small probability, size, and duration of blackouts caused by insufficient capacity. Here, we focus on this investment-period objective, but, as we discuss later, this is not entirely separate from the operational timescale. Certain operational attributes within capacity-for example, flexibility-can be as important to ensuring long-term system reliability as the quantity of capacity itself. Resource adequacy is discussed further in Section 4.3.
Existing solutions to the revenue sufficiency and associated resource adequacy problem defined above generally fall into three categories: (1) capacity market or capacity payments, (2) supplementing the energy-only market with a reserve product and scarcity pricing, and (3) power purchase agreements or other contracting approaches. Each of these points is discussed below, and additional examples of hybrid approaches are provided in Section 4.5. These options are a means to compensate generators that provide services needed by the grid that are not explicitly incentivized through the day-ahead and real-time markets (Newbery 2016, 401-410) . There is no wide consensus on which, if any, of these options are most effective to correct the underlying market failures and inefficiencies that distort prices so that prices can correctly reflect the desired and needed level of system reliability. Each of these options necessarily involves some form of administrative or out-of-market actions because, as discussed in Section 4.1, electricity markets will never be able to function as perfectly competitive markets because of their inherent attributes of market failure: externalities, public good attributes of the network, ineffective demand curve, market power, wholesale price caps, and lack of large-scale storage. The ideal solution for each operating area will likely depend heavily on the existing system portfolio, infrastructure, and market rules.
The first category of solutions to revenue sufficiency and resource adequacy is mandatory capacity remuneration mechanisms (CRMs), often referred to as capacity markets. A significant body of literature advocates for some form of capacity-based payments that creates a separate revenue stream for generators outside of energy and ancillary service markets to ensure system reliability (Jenkin et al. 2016; Milligan et al. 2016; Bushnell et al. 2017; Hogan 2017, 55-61) . CRMs provide a direct signal for investors to build new capacity when and where it will be needed at a future date to meet load in peak periods, with penalties if the developers fail to deliver. Different payment methods and structures are used in practice, including specifications regarding price caps and floors, the time horizon used to assess capacity needs, the qualification and compensation criteria for various resources and ages, the shape of the demand curve for capacity, the cost basis for the capacity, the alignment of state-level policies within multistate regional markets, market design aspects to ensure resiliency (e.g., polar vortex), and approaches to minimize market power. FERC has held a series of technical workshops to address and discuss these and related issues on capacity markets (FERC 2013b; FERC 2017) .
A key debate with capacity markets is whether and how they can fully capture resource adequacy aspects, including the need for specific attributes of that capacity, such as flexibility. A wide range of approaches have been discussed for CRMs to achieve the ideal level of flexibility, including (1) a more traditional forward capacity market in which investors self-optimize for the level of flexibility capability within the new capacity, (2) a capacity market with a uniform fixed flexibility requirement for all new capacity, and (3) a capacity market with tiered levels of flexibility requirements. Examples of the first option include the existing capacity markets in the United States, such as PJM, Independent System Operator New England, and New York Independent System Operator. Flexible capacity requirements of either type (items 2 and 3 above) are uncommon. One example is the California Independent System Operator (CAISO) wholesale market in the United States, which requires load-serving entities not only to procure sufficient capacity to meet forecasted peak load but also to meet additional flexibility requirements within their capacity mix based on the expected future monthly 3-hour net load ramp (CAISO 2014; CAISO 2015) .
Another important aspect of capacity markets-which is used to ensure long-term resource adequacy as well as revenue sufficiency-is the capacity value, or capacity credit, of variable generation. Capacity value is a measurement of the contribution of installed capacity to system resource adequacy. Capacity value is typically used by power system planners in long-term reliability assessments. It is also used within the context of capacity markets to determine the eligible capacity from variable generation resources that are qualified to participate in these markets. The geographic resolution, time period, and historical window of capacity value calculations vary by operating region. For example, at the time of this paper, PJM assigns a capacity value of 13% for wind and 38% for solar based on site-specific, performance-based capacity factors from the past 3 years during summer afternoons (PJM 2017c). Independent System Operator New England, on the other hand, has separate summer and winter capacity values, calculated as the average of the annual median output during predetermined hours per season during the past 5 years (Independent System Operator New England 2017).
A second approach to ensuring resource adequacy and revenue sufficiency involves improving energy and/or ancillary service markets. Instead of-or in addition to-capacity markets, other operating areas and researchers have focused on ways to supplement prices in energy-only markets to more fully reflect the cost of providing both energy and reliability (PJM 2017a; PJM 2017b; ERCOT 2017) . Scarcity pricing might allow prices to exceed the variable costs of the most expensive operating resources for short periods of time when capacity or reserves are scarce so that those prices can help recover the fixed costs of the peaking units in addition to addressing the short-term reliability need. Scarcity pricing, also called shortage pricing, primarily includes administratively-set scarcity prices, which are set separately for both energy and ancillary services; however, in typical power system operations, shortages will first result in insufficient reserve capacity while load balance is maintained. Therefore, in practice, scarcity prices typically depend on the ancillary service scarcity prices, which can be based on preset price curves or more dynamic, system-based conditions.
One example of an ancillary service scarcity pricing mechanism is the operating reserve demand curve (ORDC) within the Electric Reliability Council of Texas (ERCOT) region in the United States. In many markets, energy and ancillary services are co-optimized to ensure the optimal use of available units to meet energy, balancing, and other flexibility needs. As a result of this linkage, the prices for energy and ancillary services are directly coupled. For example, when reserves are short, the price of energy should increase. ERCOT, however, does not co-optimize in real time and has instead implemented the ORDC to pay resources that can provide reserves during the times of highest need. The ORDC is a continuous function of energy price adders derived from the operating reserve level in the current hour, the resulting expectation of loss of load probability, and the value of lost load. When operating reserves are low, this energy price adder increases, driving the energy price higher, and providing similar results to what would be expected in a co-optimized market. Despite concerns about the effectiveness of this mechanism, general consensus has found the ORDC to function as intended and designed, though some improvements could be made (ERCOT 2016) . Other studies have shown the ORDC to be a preferred market design option compared to fixed reserve prices or fixed capacity payments for valuing incremental reserve capacity and helping to ensure revenue sufficiency (Levin and Botterud 2015, 392-406) . Nevertheless, when any linkage between energy and ancillary services is not properly tuned or functioning, or if the reserve market in the case of ERCOT becomes saturated, thereby avoiding the triggering of the ORDC price adders, then the resources that are needed to ensure resource adequacy might not earn sufficient revenue to remain in the market long term.
Scarcity pricing for energy has historically included administratively-set caps to prevent price gouging or increases in prices that are too severe. In the United States, energy price caps are nominally set at $2,000/MWh in most operating regions (FERC 2016b) . ERCOT has applied a significantly higher price cap, currently $9,000/MWh, in an attempt to allow energy prices to reach levels that appropriately signal needed investment in capacity 24 ; however, the current excess capacity in many systems, including ERCOT, has resulted in fewer hours with scarcity pricing and-along with low natural gas prices and lower growth of demand than anticipatedhas contributed to the overall lower energy prices in recent years (e.g., Potomac Economics 2016a; Potomac Economics 2016b). In a more extreme example, Germany 25 is moving from its 24 As an energy-only market, ERCOT relies on high-price periods that exceed the marginal unit cost to achieve revenue sufficiency. A higher price cap does not necessarily reflect the perception that market power challenges are not significant. Like other operating regions with wholesale electricity markets, the Public Utility Commission of Texas has rules for monitoring and mitigating market power (see https://www.puc.texas.gov/agency/rulesnlaws/subrules/electric/Electric.aspx). One interesting item within these rules is the so-called "Small Fish Rule," which deems any electricity generating entity controlling less than 5% of the total installed generation capacity in ERCOT as not having ERCOT-wide market power. The rule protects small new entrants in the generation market from claims of market power abuse, providing the opportunity for a sufficient return on investment and removing potential uncertainty that might otherwise discourage the entry of new generation (Anderson 2015) . 25 The German wholesale electricity market consists of a forward market, day-ahead market, and intra-day market.
While many wholesale transactions occur through bilateral contracts, a growing portion of these transactions are feed-in tariffs to an auction system and has decided against both capacity markets 26 and any form of administratively-set energy price caps. Instead, Germany has implemented market-driven price formation, allowing energy prices to spike to unlimited levels, unfettered by any administrative action or price caps such as those throughout much of the United States (Bundestag 2016) .
Finally, in an effort to hedge risks against volatile energy prices, many operating areas make use of bilateral or other types of contracts. Although the structure of these contracts can vary widely in practice, they typically establish predetermined price, quantity, time frame, and type of provision from a generator. In some operating regions in the United States, these contracts can provide a significant portion of guaranteed energy, ancillary services, and/or capacity services, and thus they serve an important role in ensuring long-term reliability. For example, the market monitoring group for CAISO has noted that long-term bilateral contracts are the primary means for ensuring adequate investment in new generation or retrofits of existing generation (CAISO 2016); however, if and when certain out-of-market contracts-along with various forms of selfscheduling 27 -restrict operational flexibility through must-run and other price-taker positions, these transactions can contribute to the underlying price distortions that they aim to ameliorate. Thus, there appears to be an ideal balance that these contracts must achieve to provide a net positive benefit to market efficiency.
The above conversation focuses on challenges and potential solutions for restructured, competitive electricity markets; however, large portions of the United States still operate under traditional, vertically integrated markets in which retail prices explicitly capture all costs (i.e., cost-of-service pricing) and capacity is acquired as needed to meet a given resource adequacy target, thereby ensuring revenue sufficiency and resource adequacy. The downside-and a key justification for establishing competitive markets in other areas-is that such a centrallycontrolled system inherently lacks competition among generators and thus cannot guarantee the least-cost system and operation for consumers; however, as discussed in this paper, competitive markets brought with them a suite of problems, most of which must still be resolved. Even with market reform, electricity markets will likely never be able to function as perfectly competitive markets because of inherent market failures, as addressed above. This has led some to suggest a return to traditional centrally-operated models; some claim that these have been more successful at ensuring long-term reliability (Morey et al. 2014) . Others argue that some market design modifications, specifically CRMs, are effectively a step toward reregulation (Hogan 2016) . Further, a viewpoint of electricity as a "public good" could justify a modified version of a central pricing system, such as a subscription-pricing structure like those of cell phones (Borenstein 2015; Borenstein and Bushnell 2015) . occurring through power exchanges, such as the European Power Exchange spot trading group, EPEX SPOT, and Energy Exchange Austria, which operate auction-based markets for energy at various time horizons and intervals (RAP 2015) . Additional cross-border electricity exchanges can enable further trading across regions, for example, through the Nord Pool exchange group. 26 However, a new "capacity reserve" product is being created, which ensures that a certain amount of out-of-market backup capacity is available during unforeseen events but does not distort competition in the actual market. 27 Self-scheduled units submit a predefined generation schedule to the market operator and act as a price taker, and therefore they are very likely to earn lower profits. This also results in less efficient system dispatch. Bilateral contract and self-scheduled units can comprise a significant portion of an operating region, sometimes supplying nearly 75% of the energy (Monitoring Analytics 2015).
Resource Adequacy
Concerns about the impact of revenue sufficiency on resource adequacy extend beyond the challenge of co-optimizing energy and ancillary services. Signaling and providing adequate capacity is a necessary condition of planning and operating reliable power systems.
Resource adequacy is met when the portfolio of resources (generation and, if applicable, demand response, storage, etc.) for a given system meets the designated reliability target. The preferred method for calculating the contribution of these resources toward that target is based on loss-ofload probability and related probabilistic approaches. The reliability target used in practice is set by policy and is typically the result of an administrative action that establishes an acceptable level of reliability for long-term supply. In the United States, there is no universal resource adequacy target. Instead, each planning area 28 sets its own target, often imposed somewhat arbitrarily by policy. Each year, the North American Electric Reliability Corporation monitors, but does not enforce, long-term resource adequacy by reporting reserve margins for each assessment area. A common target for a loss-of-load expectation is 1 day/10 years, 29 but other targets can be used.
Whatever the resource adequacy target might be, it is fundamentally detached from the market process and outcomes, unless there is a long-term reliability component in electricity pricing (Cramton et al. 2013, 27-46; Ela et al. 2014 ). Because energy-only markets cannot explicitly take into account whether the target is 1 day/10 years, 1 day/2 years, or 1 day/20 years, there is no reason to expect that energy-only markets by themselves will simultaneously achieve an administered long-term reliability target, balance supply and demand, and provide sufficient revenue to all resources so that all costs (fixed and variable) are recovered 30 ; however, market and technology improvements to enable a more functional demand curve and allow customers to choose their level of reliability (Figure 10 ) might be able to provide price signals that bridge this gap between reliability and revenue sufficiency challenges. This disconnect between an energyonly market and long-term reliability is also a key argument for an additional capacity procurement mechanism to ensure sufficient planning reserves. At low loss-of-load expectation targets, this capacity might function more as an emergency reserve, and it can consist of combustion turbines that are relatively inexpensive (Cramton et al. 2013, 27-46) .
One possible consequence of higher reliability is overcapacity.
31 Long-term reliability targets might require additional capacity to be built, but this capacity might never need to run, or it might run for fewer hours of the year than it would have with a smaller reserve margin. In other words, excess capacity can be pushed up and/or off the merit-order curve, effectively keeping prices to lower portions of the supply curve. If periods of shortage do occur, prices can spike 28 Typically the load-serving entity. 29 Loss-of-load probability is calculated by a suitable convolution algorithm or Monte Carlo analysis using generator capacity and forced outage data along with load data; the typical application reports the probability of insufficient supply on an hourly or daily basis. Loss-of-load expectation is the expected value of insufficient supply, which is based on the loss-of-load probability and typically reported in days per year. 30 A market with excess supply will likely have less total revenue because excess capacity will likely be distributed across the merit-order curve or to the left of the intersection of the demand curve. This will enable the system to operate at a lower portion of the merit-order curve, effectively suppressing prices. 31 However, over-capacity might not be a concern in cases where the cost of the extra capacity is less than the value to the customers of the improved reliability.
significantly, but administratively-set price caps might keep prices below levels that properly support peaking units during these shortage events. The result is that resources that might be needed for only a short time of the year (such as this extra capacity) must recover both capital and operational costs in a few hours or days, and therefore they might not have the opportunity to earn sufficient revenue to remain in the market (Cramton and Stoft 2006) .
Impact of Variable Generation
Existing market challenges, such as revenue sufficiency and resource adequacy, can be exacerbated by the addition of low or near-zero marginal-cost resources. Low-cost natural gas and variable generation-namely wind and solar-are key contributors to what is known as the merit-order effect, which we describe below. Variable generation resources have high capital costs with near-zero marginal costs because of the lack of fuel costs. The introduction of these resources into the generation mix has two primary impacts: (1) price reduction and (2) energy sales reduction for other generators.
First, prices will be reduced in the market period because these low or zero-cost resources will displace one or more resources at the top of the dispatch stack, assuming a convex supply curve. When variable generation is the marginal resource, the price can be zero, or negative if production-based subsidies are present.
32 This means that, on average, electricity prices will be reduced as low-cost natural gas generators and variable generation are introduced into the market. Power system economic studies and actual practice have shown such price suppression impacts during periods of, or in areas with, high variable generation output (Keane et al. 2011, 564-572; Milligan et al. 2012; Gallo 2016, 39-46; Levin and Botterud 2015, 392-406; Potomac Economics 2014 , Würzburg et al. 2013 Zarnikau 2011, 3,906-3,913; Woo et al. 2011, 3,939-3,944; International Energy Agency Renewable Energy Technology Deployment Technology Collaboration Programme 2016; Brancucci Martinez-Anido et al. 2016, 474-487) as well as in regions with large amounts of natural gas generation when natural gas fuel prices and demand are low (Potomac Economics 2016a; Potomac Economics 2016b). Second, the remaining resources that are dispatched after these lower-cost resources are called on will run at lower capacity factors, further reducing revenues received by the generators with higher merit orders, again assuming a convex market.
These impacts on price and capacity factor suppression are illustrated in Figure 11 by the meritorder effect, which pushes more expensive resources up (or off) of the dispatch stack. The left panel of the figure shows a simplified supply curve for a small power system. Three demand curves (D1, D2, and D3) represent three different levels of electricity demand throughout the year; their intersections with the supply curve reveal hypothetical prices at 350 MW, 650 MW, and 900 MW. 33 Prices are determined by the generation cost of the marginal unit; for the three demand curves, the price is $30/MWh, $50/MWh, and $80/MWh, respectively. Now suppose that some combination of variable generation resources is added to the system. In this case, the original supply curve shifts right by the amount of renewable energy in any given 32 Negative prices can also occur if inflexible conventional units, such as coal or nuclear, are the marginal unit and bid in negative offers in order to stay online and avoid high shutdown and start-up costs. This has been seen recently in CAISO. 33 For simplicity, the time period represented by each demand curve is 1 hour.
hour. For this example, assume 500 MW of variable generation output is added; the new supply curve is shown in the right panel of Figure 11 . After this addition, the price at any demand level less than 500 MW is $0/MWh. Applying the same demand curves, the left panel yields equilibrium prices of $0/MWh, $30/MWh, and $35/MWh, respectively. For higher levels of variable generation, the region of the supply curve with the $0/MW(h) price is larger, showing that (1) there will be more hours of zero (or negative) prices at higher levels of variable generation when these resources set the price, and (2) prices in other hours will be lower than they are in the absence of additional variable generation when all else is equal. Reductions in average price will make it more difficult for generators, especially those higher up on the meritorder curve, to recover all their costs because they will run less often and receive a lower average price when they do run. This is particularly relevant for some generators (e.g., peaking units) that are needed to ensure resource adequacy but do not earn sufficient revenue to remain in the market (Cramton and Stoft 2006; ECCO International 2015; Levin and Botterud 2015, 392-406) . We note that similar price suppression effects, as well as merit-order reordering impacts, can result from the addition of low-cost natural gas generators.
However, many non-convexities exist in practice, such as those from no-load costs and start-up costs. In order to most economically meet the needs of the system, these non-convexities can necessitate a different merit order than that illustrated by a simple convex supply curve, such as in Figure 11 and described above. The effect of these non-convexities in most markets is price suppression, potentially outweighing, or at least masking, the price suppression impact of variable generation that has been noted in numerous studies cited above. More work is needed to develop robust pricing mechanisms to capture these non-convexities and enable market sustainability, i.e., revenue sufficiency to support resource adequacy. It is well known that variable generation resources also increase the variability and uncertainty in the system, which can in turn require increased flexibility from the grid (Ela et al. 2016, 51-60) .
Although certain changes to short-term energy and ancillary service markets might be needed to ensure that the available flexibility is offered to the market, this might not guarantee that sufficient flexibility is built or available in the first place. This could necessitate new methods for evaluating and compensating all needed aspects of capacity adequacy, including how to quantify and value the flexible capability of capacity.
U.S. Wholesale Electricity Market Examples to Minimize Revenue Sufficiency and Resource Adequacy Challenges
Many variations in the ownership aspects of power systems have moved toward wholesale markets. Examples across this spectrum provide a range of possible ownership and market structures to minimize challenges with revenue sufficiency and resource adequacy. In the United States, CAISO and Midcontinent Independent System Operator (MISO) provide an interesting contrast. Note that although many regions in the United States have wholesale markets, the retail sector continues to function largely as a regulated monopoly (with a few exceptions).
The first example of a wholesale market structure is CAISO. When California moved to a wholesale market, the investor-owned utilities divested ownership in all generation. With increasing wind and solar generation, CAISO developed a flexible ramping product and incorporated that into the economic dispatch to ensure sufficient operational flexibility; this product was approved for both upward and downward ramping capability in 2016 (Ela 2016) . To ensure resource adequacy, the investor-owned utilities under the purview of the California Public Utilities Commission are required to demonstrate sufficient contractual power purchases to meet adequacy requirements. From the perspective of the generating company, a contract should cover all, or at least part, of fixed costs, thus providing sufficient revenue. Revenues to pay for the contractual obligation are largely collected from retail rates, which are negotiated between each investor-owned utility, the California Public Utilities Commission, and other stakeholders. Markets with this type of hybrid-operational markets with regulatory oversight and tariffs designed to recover costs-can largely solve the revenue sufficiency question. The challenge might be to integrate a bilateral contract structure with operational flexibility requirements so that the market operator has sufficient access to and incentives for operational flexibility.
Our second example of wholesale ownership is Northern States Power, which is a subsidiary of Xcel Energy and is located within the MISO market and the State of Minnesota. MISO developed as a RTO and market-in contrast to CAISO, which was a state-wide initiative. Northern States Power continues to own generation that is bid into the MISO market. Power purchase agreements (PPAs), which are a type of contract with the generation owners, can be structured to ensure revenue sufficiency, with revenue streams from the wholesale market alongside those that are supported by retail rates set with the Minnesota Department of Commerce, the regulatory body for electricity in Minnesota. Although this represents a different ownership model than in CAISO, the revenue streams are similar.
Hybrid market/regulated paradigms such as those above will likely always exist, and these examples from CAISO and MISO might reduce or even eliminate the revenue sufficiency problem; however, they might do so at the expense of operational flexibility. This flexibility can in principle be maintained or increased by changing the structure of the PPAs so that operational flexibility is incentivized and/or explicitly required. For example, a modified long-term PPA could be structured to guarantee fixed-cost recovery while requiring the generator to participate in the energy market to recover variable costs and provide flexibility to the system. Ideally, this sort of modified PPA approach could allow for coordinated resource acquisition by the ISO to ensure both capacity and flexibility requirements at the system level; however, any contract faces risk from lack of foresight of future economic and power system changes. Fully unbundled markets with retail choice, independent market operators, and independent generators do not currently exist in the United States outside of market-regulatory hybrids such as those discussed above. Instead, investor-owned utilities serve as the retail source for most electricity (ignoring public power, for now), and the regulatory compact with utility regulators can continue to enforce resource adequacy requirements with revenue sufficiency maintained by PPAs, providing that the PPAs do not strand the physical flexibility that could be available to operators.
Complicating Factors and Unintended Consequences for Market Design
We have laid out the attributes of wholesale electricity markets that suggest market failure: externalities, public good attributes of the network, ineffective demand curve, market power, wholesale price caps, and lack of large-scale storage; see Section 4.1. These failures, along with the array of possible corrective actions to mitigate the underlying market distortions and ensure revenue sufficiency and resource adequacy, make electricity markets fundamentally different and more complex than nearly any other market. This complexity grows with the number of related market products and policies, such as production or investment tax credits. A host of additional factors further complicate the already multifaceted challenges of ensuring revenue sufficiency and resource adequacy. Among these are a lack of consensus on ideal market structure and design(s), uncertainty surrounding the transition "path" to that elusive ideal market design, the sensitivity and unintended consequences of well-meaning regulations/designs, and the "creeping complexity" of certain market designs. Below we discuss each of these complicating factors as well as unintended consequences.
Market design, if not done carefully, can result in unintended consequences. One example is the declining frequency response in the eastern United States after energy markets were introduced. Many argued that this was a consequence of the economic disincentives to follow frequency and incur penalties for not meeting energy delivery obligations. Once this problem was recognized, the market design was revised to recognize the need for frequency response and develop a market mechanism to incentivize the need for both primary frequency response and performance-based secondary frequency response (i.e., regulating reserve) (Ela et al. 2016, 51-60) .
Some proposed and implemented market designs-which were intended to offer greater simplicity and transparency-have instead resulted in additional reforms, more exceptions, and increasing complexity as a result of attempts to achieve an ideal balance of risk between investors and consumers. One notorious example of such creeping complexity is capacity markets in which CRMs have been criticized for insufficient penalties when capacity providers fail to perform, incentivizing overprocurement of capacity and the inability to differentiate capacity among various dimensions such as flexibility (Hogan 2016 ). An ideal CRM incentivizes capacity with the ideal quantity and attributes needed to supply energy and reserves during shortages; is technology neutral; and provides strong performance incentives to ensure reliability, improve efficiency of both the capacity and spot energy markets, and provide a level playing field-e.g., with a "no exceptions" policy (Cramton 2013; FERC 2013a) . Many of these attributes might require revisiting the definition and method(s) for calculating resource adequacy, particularly as the power system continues to evolve into one with greater shares of variable renewable energy and demand response (Hogan 2013 ).
Ideally, a market design should be robust enough to provide the proper incentives during the transition from low to high variable generation penetration rates, although this might be difficult to achieve in practice. At existing variable generation penetration rates-nominally less than 20% in most regions-baseload generation might continue to operate economically. But as the penetration of variable generation becomes high enough to push out baseload generation on an economic basis, more flexible resources would be expected as a replacement. These new flexible resources might be capable of quickly starting and synchronizing to the grid. This could significantly change the unit commitment process and day-ahead market; and, given sufficiently flexible resources, it could even reduce the need for a nonspin product, at least when tied to the physical capability of the units. Thus, it is not clear whether energy markets supplemented by various types of reserve products would provide the revenue sufficiency critical to ensuring longterm reliability.
Finally, market designs should be technologically neutral. A market that is performance-based, with various requirements for start-up notification and deployment, length of deployment, etc., can acquire the appropriate response from any technology that can provide the needed capability. This opens the door for new technologies and promotes competition.
Future Research
Much work is needed to determine the ideal market design to ensure revenue sufficiency and reliability. The ideal electricity market would be robust to the penetration level of variable generation and reserve needs, would minimize boom/bust cycles, and would be effective in both the "target" state as well as in the transition from the current system to that ideal market design end point. This ideal market should incentivize operational efficiency and flexibility as well as investment in sufficient flexibility. In addition, the market should deliver sufficient revenue to support and incentivize the level of capacity needed for long-term reliability, but it should not deliver revenue sufficiency to an overbuilt system.
A rigorous market design analysis should involve capacity expansion models for long-term planning, production cost models for operations, and models with faster time steps for system stability; however, validation and calibration are often needed for model results to more accurately reflect actual market outputs and avoid providing misinformation to market designers or policymakers. For example, previous work has shown that it is important to accurately reflect reserve treatment and account for strategic generator bidding behavior in production cost models to produce more accurate price outputs (Frew et al. 2016b ). Empirical evidence has further shown the importance of capturing operational factors and outages that can drive short-term price spikes or modify the optimal dispatch of the generator fleet. The former include generator and transmission outages, congestion, and contingencies that can result in localized shortage of generation and/or transmission flow limitations. The latter include generator self-scheduling operations that can shift other units off the offer curve or result in a higher need for more expensive flexible generation. Other operational factors, such as shutdown and start-up costs, have been shown to impact prices. For example, the surge in solar photovoltaic power in California is pushing many units to shut off midday when solar is peaking, but the high shutdown and start-up costs of many natural gas plants have led these units to prefer operating below their marginal cost-while still setting the price-during these hours (Nelson 2016) .
Summary and Conclusions
The goal of any power system is to provide a reliable supply of power at the lowest reasonable cost to the consumer. Many of today's power systems are regulated through competitive wholesale electricity markets in order to provide transparency and mitigate market power. The underlying reliability objective necessitates market structures and operating rules that ensure revenue sufficiency for all generators needed for resource adequacy purposes.
Throughout this paper, we have discussed inherent attributes of current competitive wholesale electricity markets that contribute to market failure and thereby preclude these markets from functioning as perfectly competitive markets. These attributes include externalities, public good attributes of the network, ineffective demand curve, market power, wholesale price caps, and lack of large-scale storage. Some of these features are classic sources of market failure, while others have compounding effects. Imperfect information further contributes to and amplifies their collective impact. Outside of perfect competition, marginal-cost pricing alone cannot guarantee cost recovery; thus, this paper argues that marginal-cost pricing alone is not sufficient for the efficient investment in and operation of wholesale electricity markets.
Until (and unless) these contributors to market failure are ameliorated, some form of corrective action(s) will continue to be necessary to improve market efficiency so that prices can correctly reflect the needed level of system reliability. Many of these options necessarily involve some form of administrative or out-of-market actions, such as scarcity pricing, capacity payments, bilateral or other out-of-market contracts, or some hybrid combination. A hybrid approach could include a modified PPA contract that ensures fixed-cost recovery while requiring the generator to participate in the energy market for variable cost recovery and provision of flexibility to the system. A key focus with these options is to create a connection between the electricity market and long-term reliability/loss-of-load expectation targets, which are inherently disconnected in the native markets because of the aforementioned contributors to market failure.
The addition of low marginal cost resources, such as generators fueled by low cost natural gas and near-zero marginal cost wind and solar generators, can exacerbate revenue sufficiency and resource adequacy concerns caused by these underlying contributors to market failure. These low marginal cost resources effectively suppress energy prices and reduce the capacity factors of conventional generators through the merit-order effect in the simplest case of a convex market; non-convexities can also suppress prices, even outweighing the impact of low marginal cost generation.
2 Additionally, the uncertainty and variability of variable generation resources, such as wind and solar, requires more system flexibility. This can be achieved by a wide range of supply-side and demand-side options for physical flexibility. This also necessitates institutional flexibility options, including new market designs, greater regional coordination, and fair cost allocation.
Future research is needed to assess optimal market designs that are technology neutral, robust to the composition of generator types included in the fleet, and politically/socially acceptable, while ensuring revenue sufficiency of power system assets needed for reliability. Various modeling tools are needed for this effort to span multiple time horizons, including planning and operational decision time frames.
Appendix: Cost Definitions and Curves
Standard microeconomic analysis is predicated on definitions of cost that are intended to be general enough to capture the key aspects of economic behavior. Accompanying these cost definitions is the notion of comparing short-run to long-run time periods. In the short run, it is not possible to alter the quantity of a productive resource. In the context of electricity markets, this means that in the short run it is not possible to add new resources or transmission. In the long run, changes can be made to the network and/or to operational practice; thus, the long run corresponds to the investment time frame. Table A-1 shows the basic cost definitions along with a simple graphic characteristic for each curve. In all cases, the Q axis denotes quantity of output-usually MWh-and all costs are either $ or $/MWh. Costs are shown as a function of output (MWh, or Q).
Economic profits differ from accounting profits. Accounting profit includes the return to businesses after deducting the cost of capital, labor, and rent from gross income. Economic profit also deducts the return to entrepreneurship, the rate of return required to elicit investment in the firm, and it represents the opportunity cost of profit; thus, in the long run, economic profit is zero in perfect competition. 
